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THE  INFLUENCE  OF  pH  WJ  SEROTONIN  METABOLISM  BY  RAT  TISSUE  HOMOCEMATES* 

Th«  current  Interest  In  the  metabolism  of  hydroxy Indoles  has  been 
brought  about  largely  as  a  result  of  Investigations  of  the  pathways  of 
serotonin  (5-hydroxytyptemlne)  nuatabol Ism.  Of  tho  various  enzyme  systems 
Involved  In  serotonin  degradation,  monoemlne  oxidaso  (MAO)  has  received 
the  greatest  attention,  especially  In  vlot^  of  Its  possible  Importance  In 
controlling  brain  amine  levels.  According  to  present  views  MAO  Is  the 
primary  pathway  of  serotonin  Inactivation  In  most  mammalian  species-’"^ 
This  mode  ov  detoxication,  havavor,  does  not  account  for  total  serotonin 
breakdown  by  the  intact  animal.  Under  certain  cojiditlons,  both  In  vitro 
and  In  vTva,  other  modes  of  serotonin  Inactivation  have  been  roportedi 
thus,  the  formation  of  the  o-glucuronlde  anti  o-sulfato  conjugates  of 
serotonin  has  been  demons  £ rated, ^ ’7  and  small  amounts  of  such  conjugates 
mre  found  ns  urinary  nKJtabolites  frem  rats.^  Welssbach  et  al,7  have 
recently  shewn  the  Importance  of  tho  flocuronlde  conjugating  system  in 
serotonin  metabolism  In  the  mouse,  especial !y  after  blockade  of  NAO. 

Some  of  tho  hydroxylndoleanlnos,  such  as  bufotenin  end  psllocln, 
are  rather  poorly  metabolized  by  Blaschko  and  Levine’^  recently 

described  tho  formation  ov  colorod  oxidation  products  when  various 
hydroxy  indoles  v/erc  incubated  with  preparations  of  gill  plates  from  the 
Hytllus  cduils.  Horlta  and  Weber**  also  observed  a  blue-colored  product 
upon  Incubating  psllocln  with  mammalian  tissue  homogenates,  and  from  an 
examination  of  properties  of  the  system  suggested  that  cytochrome  oxidase 
might  be  Involved  In  this  oxidation  process. 


t 


•  • 


-  2  - 


In  the  present  study  the  possibility  of  such  e^system  inectiveting 
|erotonln  wes  In>^tl9eted.  Since  optimum  oKldatlon  of  psiiocln 
occurred  at  about  ^  9.0,  the  Influence  of  pH  was  aleo  examined  In  this 
study.  Rat  tissue  homogenates  were  found  tcj*be  satisfactory  as  the  source 

enzymes,  and  the  effects  of  e  MAO  inhibitor  and  potassium  cyanide  ® 

were  determined. 

•  • 

METHODS 

Male  Spraguo-Dawlay  rats,  I50*>230  grams,  were  used  exclusively  as 

#  * 

the  source  of  the  tissue  homogenates.  The  liver,  brain,  kidney,  and 

e 

heart  wero  ground  vjith  Teflon  or  glass  homogenizers  to  a  concentration 
of  20  per  cent  with  Ice  cold  distilled  water.  Incubations  of  liver 
homogenates  v#^rc  made  for  30  minutes  while  the  other  preparations  were 
shaken  for  63  minutes.  The  following  buffers  were  employed:  Phosphate 
buffer  (0.5M),  pH  y.4;  Tris  buffer  (o.5i?,  pH  8.1;  Lysine  buffer  (0.5M), 
pH  8.8;  and  Glycine  buffer  (0.9M),  pH  Each  fiosk  contained  buffer, 
hcroogenato  and  ^yumoios  of  serotonin  creatinine  sulfate.  Potassium 
cyanide  (10"^M)  and/or  p-phonyl  Iscpropylhydrazlne  (lO"Sl)  wre  Incorporated 
Into  some  of  th^  experimantal  procedures.  In  ail  cases  the  final  volume 
of  the  incubation  mixture  was  3.0  ml.  The  degree  of  metabolism  was 
daterrolned  by  measuring  the  amount  of  serotonin  remaining  In  the  In¬ 
cubation  flask  aftor  the  c'osignatoci  time.  Serotonin  assays  wero  performed 
according  to  the  colorimetric  method  described  by  Udenfriend  gt  aj^. 

The  buffers  used  In  these  experiments  were  selected  because  of 
their  abilities  to  hold  the  desired  pH  levels.  They  did  not  Interfere 
with  nor  enhance  the  metabolism  of  serotonin  as  was  evidenced  by  comparison 
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•  with  other  buffer  system.  The  possibility  of  spontaneous  degradation 
^  of  serotonin,  especially  at  the  higher  pH  levels,  was  carefully  eManlned, 
but  with  the  incubation  times  employed  In  these  experiments,  serotonin 
disappearance  in  ^ffer  alone  did  not  occur. 

i) 

RESULTS  • 

^  kilfiit*  ^his  tissue  exhibited  the  greatest  sorotonin^metabolizing 

activity  re^ardlet^s^of  the  of  tho  modlum.  It  should  bo  noted  that 

all  Incubations  of  liver  homogsnstes  vrero  made  f(^  30  mit^ltes,  while 

with  the  other  prtiparations  e  6o  minute  period  was  used.  Undor  the 

conditions  of  these  experiments  liver  homogonetos  metabolized  about 

30  par  cent  of  tho  substrate  prosen^at  pH  7.4.  This  was  Increased  when 

pH  was  raissd  to  8«l  and  8.3,  but  at  9.5  mctaboilsm  decreased  below  70 

per  cent.  "  % 

In  tho  presence  of  ^-phenyl  isopropylhydrazlno  (PIH),  10%,  the 

serotonliiMnatabol izing  cepacity  of  liver  homogenate  v«s  reduced  to  zero 
e  * 

at  physiological  p'H.  Slight  aTiounts  of  metabolism  occurred  at  the  higher 

pH  values  but  rarely  exceeded  20  pom  cent.  KGN,  10“^M,  Increased 

serotonin  degradation,  especially  at  the  pH  of  7,4  and  9,5,  fhls  was  a 

consistent  finding  and  was  esjxsc folly  evident  at  all  pH's  when  shorter 

f 

incubation  times  were  used  so  that  less  than  70*^  per  cent  of  the 
serotonin  wos  metabolized  In  tho  cofitrol  (no  KCN)  proporatlons. 

Whan  both  PIH  and  KCH  were  incorporated  into  the  tncub?tIon  mixture, 
the  degroe  of  serotonin  disappearance  was  minimal,  Inhibiting  an  averaga^ 

of  11  per  cent  at  pH  6.8.  The  influence  of  both  pH  and  the  Inhibitors 

•  • 

on  serotonin  metabolism  by  liver  homogenates  Is  shown  In  fig.  1,  and 

*  • 

tho  data  and  their  standard  deviations  arc  listed  In  table  1. 


•  • 
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•  • 

ftCliji.  Rat  brain  tittua  homoganatos  provad  to  ba  considerably  , 
lower  In  serotonin  metabolizing  activity  when  compared  to  liver.  The 
shape  0?  the  pH  curve,  however,  did  not  differ  too  markedly  frcra  that 
of  the  liver,  even  In  the  presence  of  PIH^or  KCN.  Complete  Inhibition 
was  observed  at  all  pH  levels  when  bath  Inhibitors  were  used  simultaneously. 
The  results  of  the  brain  homMenate  studies  ore  found  In  table  1. 

t 

HSirj,.  Heart  muscle  prove^d  to  be  quite  different  from  either  liver 

®  S 

®  or  brain  In  motAbollzIng  serotonin.  In  the  control  homogenate  the 
greatest  activity  was  seen  at  pH  9.£5,  whereas  with  the  other  two  tissues 
activity  fell  at  this  pH.  An  even  greater  difference  was  seen  In  the 
activity  of  the  heart  muscle  preparation  In  the  presence  of  PIH.  V/hile  ® 
Inhibition  was  complete  et  pH  J.k,  et  higher  pH  values  a  corresponding 
rise  In  serotonin  breakdewn  was  observed,  end  at  pH  9.5  there  was  essentially 
^  no  dlffertnce  In  ocyvl^y  between  control  and  PIH-trcated  homogenates. 

.  KCN  dli^not  Influence  the  activity  of  Uhls  preparation  except  at  the  highest 
pH  whofe  the  metabolism  of  the  substrate  v/as  reduced  some  25  per  cent.  The  \ 
combination  of  PIH  and  KCN  produced  cor;iplote  block  of  metabolism.  These 

results  are  shown  In  fig.  2  and  In  table  1. 

•  ® 

mdngy,.  Only  some  kO  per  cent  of  i;ho  serotonin  was  riwtabollzed  et 
7.^  by  control  preparations  of  kidnay  homogenates.  Like  the  heart, 
howevei^,  activity  proceeded  to  rise  with  increased  pH,  end  ot  9.5  was 
^  capable  of  degrading  70  per  cent  of  tho  substrate.  In  thd^  presence  of 
Pill  the  sto|3e  of  the  pH  curve  was  similar  to  that  sedh  with  tho  heart. 

9.5,  PIH  exerted  no  Influence  on  tho  metebollsm  of  serotonin  by 
kidney  horoogonates.  Also  similar  to  the  heart,  KCN  showed  greater 
I  Inhibiting  proMrtlos  at  the  higher  pH's,  and  ot  both  8.6  and  9,5, 

e 


consIderabU  dlffarancot  In  activity  batwoan  control* and  tha  KCN«traatad 
preparation  warl  evident.  The  preparations  containing  PIH  and  KCN,  as 

with  the  other  tissues,  exhibited^  minimal  (netabollsm  of  serotonin  (see 

talule  1).  •  • 

® 

DISCUSSION 

The  results  ^©thls  stud)^ Indicate  the  presence  of  at  least  two 
enzyme  systems  in  tissues  of  the  rat  which  are  capable  of  metabolizing 
serotonin.  In  the  liver  and  brain,  oxidative  deamination  by  MAO  is  the 
primary  mode  of  serotonin  Inactivation,  even  under  unphyslologicelly  high 
pH  conditions.  This  Is  assumed  to  be  the  case  because  of  the  almost  total 
Inhibition  of  this  reaction  upon  treatment  with  PIH,  a  specific  MAO  * 
Inhibitor.  Although  not  described  in  the  results,  another  MAO  inhibitor, 
2-phenylcyclopropyiam|ne  (SKF-385),  was  also  found inhibit  this  process 
by  liver  end  brain  homogenates  at  all  pH  levels.  The  heart  and  kidnsy, 
havever,  give  evidence  of  two  enzyme  systerrs  being  Involved  in  degrading 
serotonin.  Predominant  at  pH  7.4  and  8.1  Is  MAO,  as  evidenced  by  marked 
Inhibition  by  both  PIri  and  SKF-385.  At  these  pH  levels  control  preparations 
of  the  heart  tissue  exhibited  about  tho  same  activity  as  brain  homogenates. 
Only  after  Inhibition  by  the  MAO  inhibitors  v;as  It  evident  that  some  other 
system  was  also  promoting  the  disappearance  of  serotonin.  Even  at  pH  8.1 
both  kidney  end  heart  hom^enatos  showed  PIH-resistant  activity,  and  at 
8.8  activity  was  about  two-thirds  of  tha  non-Inhlbltod  control  values.  At 
pH  9.5  essentially  no  block  was  exerted  by  tho  MAO  Inhibitor.  Those  results 
suggested  that  tha  seme  system  which  oxidized  psllocln’’  was  also  capable 
of  oxidizing  serotonin.  Preliminary  work  tawd  identifying  this  enzyme 
system  indicates  it  to  be  cytochrome  oxidase,  ospeclally  because  of  Its 


KCN  sdnsltlvltyi  Its  activallon  by  cytochrone  c,  «nd  by  tho  fact  that 
purlfla<rplg  heart  cytochrone  oxidate  In  the  presMce  of  cytochrome  c 
It  high  effective  In  oxidizing  both  psilocln  and  serotonin  (unpublished 
results).  • 

The  values  of  percent  metabolism  of  serotonin  by  heort  and  kidney 

homogenates  in  the  presence  of  PIH  or  KCf!,  especially  at  the  higher  pH's, 

were  at  times  variable  as  can  bo  seen  from  their  standard  deviations. 

This  variation  was  caused  mainly  by  a  smatl  number  of  animals  whose  tissue 

e 

preparations  were  Inhibited  to  a  greater  extent  by  PIH  than  the  majority 
of  samples.  Preparations  of  this  typo  also  responded  poorly  to  KCH, 
usually  resulting  in  considerably  greater  metabolism  of  serotonin  than 
most  KCN  treated  homogenates.  The  roason  for  these  samples  to  act  In 
this  fashion  Is  unclear.  It  appears  that  in  these  instances ,  HAD  Is  the 
predominant  system  acting  upon  serotonin  since  PIH  was  quite  effective 

In  decreasing  Its  metabolism,  in  the  majority  of  cases,  however ,  tho 

e 

reaction  v;a3  resistant  to  Pri,  but  scmov-diat  sensitive  to  KCN.  Since  the 
cytochrome  oxidase  system  is  dependent  upon  cytochrome  c,  it  is  possible 
that  In  those  few  Instances  .'fhero  f  !H  war.  effective  even  at  the  highoif 
pH'Sj  cytochrome  c  may  have  been  deficient  and  permitted  the  to 
dominate  (he  metabolism  of  the  substrate.  Evidence  to  this  effect  Is 
seen  In  some  of  our  current  work;  v'hen  cytochrome  c  is  added  to  such  a 
system*the  i<IA0  Inhibitors  no  longer  block  serotonin  metaboUsm  whereas  KCN 
becomes  quite  effective. 

Whatever  the  explanation,  it  Is  clear  from  these  oxperlmsnts  that  et 
the  pH's  of  8.8  and  $.5,  rat  heart  and  kidney  homogenates  have  two  systems 
operating  to  metabolize  serotonin.  That  both  HAO  and  the  KCN-sensItIve 
oxidase  systems  aro  active  Is  seen  by  the  degree  of  substrate  breakdown 
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tn  tho  prestnce  of  oithor  PiH  or  KCH  clone  and  Its  tote)  Inhibition  In 
the  presence  of  both  Inhllfltors.  It  cppeeri,  however-,  that  both  lystsras 
may  not  be  active  simultaneously,  especially  at  pH9-5<  This  Is  Indicated 
by  the  fact  at  this  pH  tho  PIH  treated  proparetf  on  Is  capable  of 
oxidizing  the  s»ne  amount  of  soroton.n  as  does  the  control  preparation. 

If  both  systems  wers  active  tho  degroe  of  serotonin  metabol  Ism  by  control 
Hon^enates  should  bo  greater  then  the  PIH  containing  system,  it  also 
seems  that  at  pH  the  heart  and  k^dnoy  hoaiogenates  natabollze  serotonin 
mainly  via  the  KCM -sensitive  oildaso  system,  provided  that  adequate  co-  ^ 
factors  be  proiont.  in  tho  abLonce  of  such  cofactors ,  or  ^n  the  presence 
of  KCN,  the  other  onzyirie  systci.i,  hAO,  bcccmss  tho  pr  f  mory  pathway  of 
serotonin  Inactivation.  Tho  roascrovliy  both  systems  are  not  simultono* 

ip 

ously  active  to  ^:alr  full  capiiclfcio:  cannot  be  explaalnad  by  the  present 

data.  • 

VIhether  the  KCH-scnsltlve  sy^tG^t  Is  an  ImportaiWb  pethway  of  sarotonin 
Inactivation  In  the  Intact  anlmol  b  qu^tloiiablo,  especial  ly  In  view  of  ^ 
Its  entromaly  high  pH  optimum.  At  best  It  liiay  serve  as  o  minor  pathway 
of  degradation  undar  physiolc^ iccl  conditions.  Hcisaecs  and  Page^  Indicate 
evidence su^i  a  possible  acitictloi  product  In  the  urinos  of  animals 
treated  with  serotonin,  lorhaps  a  more  proctlcsel  aspoft  of  the 
present  findings  is  the  possibility  tf  the  UCH-fionsi  ^Ive  eniyrae  Interfering 
with  Investigations  of  5”hyc!rc;.Vtry{>top|jan  (pifTP)  decai'bo?;ylase  activity 
when  Sidney  or^heert  honogenatts  ore  employed  as  tho  ccurco  of  ensyms. 

In  some  Instances  5HTP  decarboxylase  activity  has  bsein  noasiired  by  In¬ 
cubating  the  howgonate  with  51  TP  flt  p'1^8.0  -8.1  In  tho  presence  of  a 
MAO*lnhlblt or  and  under  aerobic  conditions.  Wo  find  that  this  procedure 
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does  not  give  •  true  represwitetlon  of  the  cmount  of  serotonin  syn- 
thesized  since  the  KCN^sensItlve  enzyme  can  degrade  a  part  of  the  formed 
product.  In  the  presence  of  a  MAO  Inhibitor  end  KCN  (lO’^N),  or  under 
totally  ^naerob I c  conditions,  tho  amount  of  serotonin  recovery  Is  In¬ 
creased  considerably.  These  precautions  are  therefore  necessary  in 
using  such  homogenates  as  the  source  of  5HTP  decarboxylase. 
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TABLE  I.  THE  INFLUENCE  OF  pH  AND  INHIBITOR 
SUBSTANCES  ON  SEROTONIN  HETABOLISN 

V«luM  «re  exprMSod  n  nwan  percent  metabolltfli 
t  8t«iMl«rd  deviation  of  the  mean.  Figures  In 
IMrentheses  Indicate  number  of  detennlnatlont  In 
uach  group  of  experiments 
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i 

pH 

Liver 

Brtiin 

Heart 

Kidney 

i 

7.^ 

7843(6) 

6ch4(6) 

61+9(7) 

‘*1+5(7) 

Control 

B.l 

89i3(8) 

6<ti3(6) 

73+9(7) 

4213(8) 

8.8 

86+j5(5) 

6iH7(5) 

71110(9) 

48+6(9) 

9.5 

6612(6) 

652.4(8) 

8314  (8) 

69+4(9) 

e 

7.4 

i  0(5) 

0(0 

0(4) 

0(4) 

PIH 

8.1 

1  4f*(13) 

0(4) 

20+7(7) 

13+4»(9) 

8.8 

i  llllO(ll) 

12+7(5) 

56123  (n) 

33+10(14) 

9.5 

I7i?(8) 

j 

21410(6) 

8117(6) 

66+4(6) 

• 

7.4 

92^(5) 

65J9(5) 

64115(7) 

49+9(6) 

KCN 

8.1 

9123(6} 

7%3(7) 

73+20(7) 

4512(6) 

8.8 

9024(6) 

6716(6) 

68+16(11) 

3ll6(l0) 

9.5 

85il3(9) 

544.15(6) 

58+27(9) 

■  / 

271*5(6) 

7.4 

723(4) 

0(4) 

0(4) 

512(4) 

PIH  *  KCN 

8.1  > 

6+3(5) 

0(4) 

3+;t(5) 

6+6(5) 

8.8 

IIJ5(5) 

0(4) 

7+6(7) 

12+^(6) 

9.5 

^(5) 

0(4) 

5+5(6) 

^(6) 

9.5 


PIH  +  KCN 
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Legends  to  Figures  ^ 

Figure  I.  The  metabolism  of  serotonin  by  rat  liver  homogenates 
at  various  pH  levels  and  In  the  presence  of  (1)  no  drug,  (2)  PIH 

1  •  •  o  •  # 

(10‘^M),  (3)  KCN  (I0‘2m)  and  (4)  PIH  and  KCN. 


Figure  2.  The  metabolism  of  serotonin  by  rat  heart Jiomogenates 
at  various  pH  levels  and  In  the  presence  of  (1)  no  drug,  (2)  PIH 


(lO’Sl),  (3)  KCN  (I0‘2m)  and  (4)  PIH  and  KCN. 
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